TrpI protein, the activator of transcription of the trpBA operon of fluorescent pseudomonads, bends the DNA when it forms either of two well-characterized complexes with the trpBA regulatory region. In complex 1, with TrpI bound only to its strong binding site (site I), the calculated bending angle is 65 to 67°and the center of bending is in the middle of site I. In complex 2, which is required for activation of the trpBA promoter, with TrpI bound both to site I and to the weaker site II, the bending angle is increased to 89 to 90°and the center of bending is at the site I-site II boundary. Indoleglycerol phosphate (InGP), which strongly stimulates formation of complex 2 and is required for activation, does not affect the bending angle of either complex. However, a mutation (؊10C/11C) shown previously to affect activation has a small but detectable effect on bending, reducing the calculated bending angle to 83 to 86°. These results suggest a way that DNA bending and InGP may be important for activation.
Unlike their homologs in all other eubacterial species examined so far (8, 24) , the trpB and trpA genes of Pseudomonas putida, Pseudomonas aeruginosa, and Pseudomonas syringae (2, 6, 21) are positively regulated by indoleglycerol phosphate (InGP) and the trpI gene product (4, 21) , which appears to be unique to fluorescent pseudomonads. TrpI, which forms two complexes (1 and 2) with the trpBA regulatory region, is a member of the widespread LysR family of bacterial regulatory proteins (29) and, as is the case with most other lysR-like genes, the trpI gene is adjacent to and transcribed divergently from the operon its product regulates (29) (Fig. 1) .
Analysis of TrpI-mediated protection of the trpI-trpBA control region from hydroxyl radical attack (4, 5) indicated that purified TrpI protein binds to two sites (I and II). Binding of TrpI to site I ( Fig. 1 ) is stimulated at least twofold by InGP. Binding of TrpI to site II, the weaker of the two sites, is very strongly dependent on InGP but can occur in the absence of InGP at very high protein concentrations. Binding to site II also depends absolutely on the presence of a TrpI tetramer bound to site I (4, 5) . Neither binding to site II nor activation of transcription of the trpBA operon can occur in the absence of site I (4, 5, 10, 11) . Site II lies adjacent to the trpBA promoter (trpP B ), and activation requires the carboxy-terminal domain of the RNA polymerase (RNAP) ␣ subunit (13) . These observations suggested that the ␣ subunit of RNAP contacts TrpI bound to site II and that the interaction between the two proteins stimulates transcription initiation.
Site II is highly conserved evolutionarily (2) even though it is unable to bind TrpI and, in fact, bears only minimal resemblance to site I (Fig. 1) . One possible explanation of this observation is that site II is an allosteric effector that helps induce a conformational change in TrpI, which is in turn required for proper interaction of the activator with RNAP. Evidence suggesting that this might be the case is the in vitro phenotype of a 2-bp substitution in site II, called Ϫ10C/11C, which has little or no effect on binding of TrpI but has a significant effect on activation of transcription (11) . The work described here was initiated to address an alternative (but not mutually exclusive) hypothesis-that TrpI binding to sites I and II bends the DNA, thereby allowing TrpI protein to contact RNAP properly, and that the mutation affects DNA bending.
These studies demonstrate that TrpI does indeed bend DNA and that the deduced bending angle is greater in complex 2 than complex 1, presumably reflecting the introduction of one or more additional bends. Bending is not directly affected by InGP, suggesting that the main role of InGP in activation is to stimulate the binding of TrpI to site II, which in turn causes a significant increase in the bending angle. Although the Ϫ10C/ 11C mutation affects bending somewhat, the small difference between calculated bending angles for wild-type and Ϫ10C/ 11C DNA does not definitively exclude either explanation for the phenotype associated with the mutation.
MATERIALS AND METHODS
Bacterial strains, plasmids, and phages. Escherichia coli HB101 was the host strain for plasmid construction and propagation. The high-copy-number plasmid pBem2, which was used as a source of DNA for bending assays, was generated by R. S.-C. Fong in this laboratory by inserting the EcoRI-HindIII polylinker region from pBend2 (17) into pGEM-2 (Promega, Madison, Wis.).
Plasmids pIO102, pIO217, and pBMA11 were obtained by inserting synthetic DNA fragments into the XbaI site of pBem2. For pBMA11, the oligonucleotides 5Ј-CTAGATTCGTGAGTTTTCCTGACAGGTT-3Ј and 5Ј-CTAGAACCTGTC AGGAAAACTCACGAAT-3Ј were annealed in TE buffer (10 mM Tris-HCl [pH 8.0], 1 mM EDTA) at 95°C for 2 min, followed by slow cooling of the reaction mixture to room temperature. The resulting double-stranded DNA, which contains site I (italicized in the sequences shown) and terminates with XbaI singlestranded ends, was incubated with ATP and polynucleotide kinase and then ligated to XbaI-cut pBem2. For pIO102, an oligonucleotide (S1) containing site I (italicized) and a 5Ј-terminal XbaI sequence (5Ј-CTAGTCTAGAGGC TATTCGTGAGTTTTCCTGACAGGT) was annealed to a wild-type oligonucleotide, WT12 (5Ј-CTAGTCTAGAGGTAAAAGAAACCGATAAGATTGCTTC AACCTGTCAGGAAAACTCACGAA-3Ј), which contains both sites (italicized), at 80°C for 5 min, and the mixture was then slowly cooled to room temperature. The annealed DNA was made fully double stranded by incubation with DNA polymerase I (Klenow fragment) in the presence of deoxynucleoside triphosphates (dNTPs) (28) . Following XbaI digestion at the underlined sequences, the DNA fragment was inserted into pBem2. For pIO217, the procedure was the same as for pIO102 except that the site I-and site II-containing oligonucleotide (M2) was a variant of WT12 that bears the Ϫ10C/11C mutation in site II (Fig. 1) .
Gel mobility shift assays. pIO102, pIO217, and pBMA11 were cleaved at paired sites by at least six different restriction enzymes (Fig. 2) . Fragments having unpaired "sticky ends" were end labelled by DNA polymerase I (Klenow fragment) in the presence of appropriate substrates, including one [␣-32 P]dNTP. Blunt-ended fragments were labelled by T4 polynucleotide kinase in the presence of [␥- 32 P]ATP as described by Sambrook et al. (28) . Gel mobility shift assays were performed as described previously (11) . The gels were dried and analyzed by autoradiography to determine the positions of free DNA, complex 1, and complex 2. The data were analyzed by performing pairwise computations of the bending angle, ␣, according to equation 1, in which i and j are the mobilities of complexes formed with the ith and jth fragments, respectively, x i and x j are the distances from the left end of each fragment to the deduced center of bending, and L is the total fragment length (see reference 31):
For each experiment, values of ␣ were obtained only for paired fragments whose positions differed by more than 0.2 cm. Of 15 possible pairs of 6 fragments, 10 to 11 pairs were usually used to calculate a mean value of ␣. TrpI purification. TrpI was purified according to the procedure developed by Chang and Crawford (4) . For some experiments a crude extract containing TrpI protein was used. Cultures of strain CY15071/pMIM5/pMS421 (4) were grown in ML broth (plus 200 g of ampicillin/ml) at 37°C to an optical density at 540 nm of approximately 0.1. TrpI synthesis was initiated by addition of 1 mM IPTG (isopropyl-␤-D-thiogalactopyranoside) to inactivate the Lac repressor; following continued growth overnight, cells were harvested by centrifugation at 4°C and resuspended in 2 ml of buffer E (20 mM Tris-HCl [pH 7.4], 0.1 M KCl, 2 mM EDTA, 2 mM dithiothreitol, and 10% glycerol). Resuspended cells were disrupted by sonication, cell debris was removed by centrifugation at 15,000 ϫ g, and the extract was dialyzed overnight in buffer E. Aliquots were stored at Ϫ70°C and diluted as indicated for use in DNA binding experiments. Total protein concentration, determined by the Lowry procedure (see reference 28), was 6 mg/ml. The DNA binding activity of a 1:800 dilution of the crude extract was equivalent to that of 1.3 g of a typical pure TrpI preparation per ml. (Usually, purification of TrpI leads to a substantial decrease in its activity.) Enzymes and reagents. Restriction enzymes, T4 DNA ligase, and DNA polymerase I were purchased from New England Biolabs, Beverly, Mass. or Promega. Radioactive substrates for DNA sequencing and transcription assays were purchased from Amersham/Searle, Chicago, Ill.
RESULTS
TrpI-mediated bending of DNA containing sites I and II. In gel mobility shift experiments, binding of TrpI to a synthetic 178-bp DNA fragment containing sites I and II ( Fig. 1) produced two shifted bands representing complexes 1 and 2 ( Fig.  3 ). This pattern was virtually identical to that obtained for a native DNA fragment, for which it was shown that TrpI was bound to site I in complex 1 and to sites I and II in complex 2 (11) . In the absence of InGP at low TrpI concentrations (1.6 g/ml), almost all of the bound complex was complex 1 (Fig. 3 , lane 2); at 6.4 g of TrpI/ml much more free DNA was converted to complexes 1 and 2 ( Fig. 3 , lanes 4 and 5), although formation of complex 2 still depended strongly on InGP. However, the fact that some complex 2 was formed in Fig. 2 ) was incubated for 20 min with TrpI at 37°C in the presence (ϩ) or absence (Ϫ) of InGP, as described previously (11) . The autoradiogram was scanned optically to produce the figure. TrpI concentrations were 1.6 g/ml (1ϫ) or 6.4 g/ml (4ϫ). The positions of complex 1 (C-1), complex 2 (C-2), and free DNA are indicated. The minor band migrating more slowly than free DNA was a contaminant whose migration is unaffected by the presence or absence of TrpI. the absence of InGP made it possible to assess the role of InGP in DNA bending (see Fig. 4 to 7) as well as transcriptional activation (11) . High concentrations of TrpI often yielded material that migrated even more slowly than complex 2. These retarded complexes may result from aggregation of TrpI; they have not been analyzed in detail.
To assay DNA bending when TrpI binds to sites I and II, plasmids pIO102 (containing a synthetic DNA fragment encoding wild-type sites I and II) and pIO217 (containing the corresponding fragment with the site II mutation Ϫ10C/11C) were cleaved at six different pairs of restriction sites flanking the oligonucleotide insert, thereby generating an overlapping set of permuted DNA molecules each containing the inserted DNA in a different position in relation to the ends of the fragment (Fig. 2) . The results of such an experiment with wild-type (site I plus site II) DNA incubated in the presence of purified TrpI protein plus or minus InGP are shown in Fig. 4 . The effect of the permutation on the mobilities of complexes 1 and 2 is readily apparent, indicating that TrpI does indeed bend the DNA when it is bound either to site I alone or to both sites I and II. The pattern observed appears to be qualitatively the same whether InGP is present or not, suggesting that bending per se is not affected directly by the presence of InGP in either complex. The results were also qualitatively and quantitatively the same whether the experiment was performed with a TrpI-containing crude extract (data not shown) or purified TrpI; thus, other proteins are unlikely to be involved in DNA bending at trpP B . Some of the higher order (more highly retarded) complexes also seem to bend the DNA, but these complexes have not been analyzed.
When the same experiments were performed with DNA containing the Ϫ10C/11C mutation in site II, the results could not be distinguished easily from those obtained with wild-type DNA. However, when TrpI was allowed to bind to a mixture of the wild-type and mutant DNA fragments (Fig. 5) , two bands corresponding to complex 2 appeared (complexes with mutant DNA migrate more rapidly), indicating that the mutation had a small effect on DNA bending in complex 2. The difference in mobility was greater when the presumed center of bending was located at one end of the molecule (cleavage by MluI) than when it was located at the other end (cleavage by BamHI). In contrast to results for complex 2, the mutation, as expected, had no detectable effect on the migration of complex 1. Calculations of DNA bending angles. Mobility measurements for fragments derived from numerous experiments were used to calculate apparent bending angles by procedures outlined in Materials and Methods; for purposes of the calculations, we placed the centers of bending for complexes 1 and 2 in the middle of site I and between sites I and II, respectively. The positions of the centers of bending were deduced from the position of the restriction enzyme site that yielded the lowest mobility in plots of average relative mobilities of complexes 1 and 2, in the presence and absence of InGP (Fig. 6 ). For complex 2 (Fig. 6a) , in which distances on the x-axis correspond to the distance between the left end of a fragment and the site I-site II boundary, two restriction fragments (SmaI and XhoI) yielded approximately the same minimum relative mobilities, with a slight bias toward the SmaI fragment; this indicated that the center of bending was approximately in the center of the 178-bp DNA fragment when the left end of the fragment was between 80 and 106 bp from the site I-site II boundary. This would be predicted for a center of bending 89 bp from the left end of the fragment, that is, with the center of bending at the site I-site II boundary. (Two assumptions form the basis of these calculations. The first is that the DNA is bent only at a single point by each bound TrpI molecule. This assumption is considered in Discussion. The second is that, regardless of the overall geometry of bending, bending is symmetric about an identifiable "center of bending." It is the   FIG. 4 . Assay for DNA bending by TrpI bound to wild-type sites I and II. In the experiment shown, circularly permuted restriction fragments generated by cleavage of pIO102 DNA (containing wild-type site I and site II) with the restriction enzymes indicated in Fig. 2 were incubated for 20 min with 1.3 g of purified TrpI/ml at 37°C in the absence (Ϫ) or presence (ϩ) of InGP, according to procedures outlined previously (11) . Binding of partially purified crude extracts yielded the same results (data not shown). The positions of complex 1 (C-1), complex 2 (C-2), and free DNA are indicated. More slowly migrating complexes also appear to contain bent DNA, but these complexes have not been analyzed. Restriction fragments were generated by cleavage with BamHI (a), Fig. 4 except that fragments from both pIO102 (wild-type) and pIO217 (mutant) DNA were incubated in the same reaction mixture for 20 min with TrpI and InGP; in the experiment shown, TrpI was present as a 1:800 dilution of crude extract (6.0 mg of total protein/ml) prepared as described in Materials and Methods. The results were virtually identical when the experiment was performed with purified TrpI (data not shown). The positions of complex 1 (C-1) and complex 2 (C-2) are indicated; to save space, the free DNA bands are not shown. The more rapidly migrating band at the position of complex 2 is the mutant DNA. Restriction fragments were generated by cleavage with BamHI (a), SspI (b), SmaI (c), deduced position of this center of bending that we think is supported by the data.) Remarkably, there are virtually no differences in the patterns obtained in the presence and absence of InGP, while there are slight differences in relative mobilities for the wildtype and mutant DNAs in the left half of Fig. 6a (reflecting fragments containing site II closer to the left end of the fragment, as diagrammed in Fig. 2) . Figure 6b plots similar data for complex 1. In this figure, the x-axis represents the distance from the left end of a fragment to the center of site I. In this case, the minimum mobility is obtained with the SmaI fragment, which generates a restriction fragment with left end 91 bp from the center of site I (Fig. 2) . That is, the entire mobility curve is shown shifted approximately 10 bp to the right in Fig. 6b relative to that in Fig. 6a . Again, there are virtually no differences between patterns obtained in the presence and absence of InGP, and in this case there are no differences between patterns obtained for mutant and wild-type DNA.
As shown in Fig. 5 , the mobility of complexes bound to fragments generated by EcoRV (cleavage site between that of SmaI and XhoI) lends support to this interpretation, since the relative mobility of complex 1 was slightly greater on EcoRVgenerated fragments than on SmaI-generated fragments. At the same time, for complex 2, the relative mobility of the complexes formed on the EcoRV fragment was always the same as, or slightly lower than, the mobility of corresponding complexes formed on the SmaI fragment.
The calculated bending angles for complex 1 were approximately 65 to 67°in every case (mutant or wild-type DNA plus or minus InGP), while for complex 2 the bending angle was increased to 89 to 90°on wild-type DNA and about 83 to 86°o n mutant DNA (Table 1 ). In neither case was the bending angle of complex 2 affected by InGP. Binding to DNA containing only site I. When TrpI bound in the presence of InGP to permuted 148-bp DNA fragments isolated from pBMA11 (containing only site I), two complexes with mobilities comparable to those of complexes 1 and 2 were formed (Fig. 7a) ; the amount of putative complex 2 was small in spite of the high concentration of TrpI used (21 g/ml). It was shown previously that complex 2 could form when site II was deleted (and replaced by plasmid DNA) (4) or when site II contained an 8-bp substitution (11) . In the latter case, isolated complexes (unlike legitimate complex 2) could not form a DNase I footprint in the region corresponding to site II.
Calculation of bending angles ( Fig. 7b and Table 1 ) revealed that formation of complex 1 on DNA containing only site I resulted in bending equivalent to that observed when the DNA contained both sites I and II. This was true whether the complexes formed in the presence (Fig. 7a and b) or absence (data summarized in Fig. 7b ) of InGP. In contrast, complex 2 formation on site I DNA was detected in the presence of InGP (Fig. 7a) but not in its absence (data not shown). Furthermore, the complexes differed from those formed on DNA containing site II (Fig. 7c and Table 1 ) in that the calculated angle of bending was only about 76°.
DISCUSSION
Role of TrpI-model I. Based on the effects of TrpI binding site mutations on activation in vitro, we previously proposed the following sequence of steps in activation of trpP B (11) . (i) A TrpI tetramer (4) binds to site I, the stronger of two TrpI binding sites (Fig. 1) to form complex 1. Binding to site I represses trpP I but is not sufficient to activate trpP B . (ii) A second TrpI tetramer interacts with the first; this interaction is very strongly dependent on InGP (4, 5) . (iii) The second tetramer establishes contacts with site II, which cannot bind TrpI unless site I is also occupied, to form complex 2. (iv) TrpI bound to site II interacts with RNAP to stimulate transcription from trpP B .
Role of TrpI-model II. Since TrpI failed to stimulate transcription initiation in vitro by RNAP containing a C-terminal truncation of ␣ (15), we concluded that TrpI-mediated activation required contact with the region of ␣ defined by the truncation (13) . This would be consistent with the role of TrpI outlined in model I. However, TrpI is unusual in this respect because other activators whose binding sites are centered at the corresponding positions of their target promoters (Ϫ41 to Ϫ42) are not affected by the ␣ truncation (13, 15, 18) . Conceivably, the truncation abolishes direct interaction of the ␣ subunit (through its carboxy-terminal domain [CTD]) with far upstream sequences of the promoter (3, 9, 27) or with TrpI bound to site I. This possibility leads to a second model for TrpI-mediated activation. In model II, the steps leading to the establishment of complex 2 are the same as in model I, but we imagine that TrpI-induced DNA bending enables the ␣-CTD to make contact with (i) an otherwise poorly located upstream recognition sequence or (ii) TrpI bound to site I. In the first case, the role of TrpI would resemble that of the integration host factor in stimulating transcription from the P L 1 promoter (12) .
In terms of model II, contact of the CTD with upstream DNA does not preclude an additional requirement for contact(s) with RNAP, especially since potential ␣ recognition sequences upstream from trpP B are a poor match to the UP element (9, 27) . In addition, TrpI bound to site II might contact (by analogy with repressor) (19, 20) or the N-terminal domain of ␣, which is contacted by a catabolite gene activator protein-cyclic AMP dimer bound at Ϫ41.5 at the galP promoter (23) .
At some promoters, DNA bending induced by activator binding causes distortions in DNA structure that may result in activation independent of contact between the activator and RNAP (1, 25, 26) . In no case has a direct activator-RNAP interaction been ruled out, but recent evidence strongly suggests that DNA distortion induced by bending is entirely responsible for activation of the ilvP G promoter (25) . DNA bend- ing proteins (such as the integration host factor) may also facilitate the DNA looping required for the interaction of an upstream activator with RNAP (7, 14) . Role of sites I and II. Although there are numerous cases in which binding of a regulatory protein to a strong binding site facilitates binding to an adjacent, weaker site, in most cases the protein can bind to the weaker site alone (16, 30) . Remarkably, TrpI binding to site II is absolutely dependent on occupancy of site I. Nevertheless, hydroxyl radical footprinting identified site II nucleotides that were contacted by TrpI in the presence of InGP (4) . Since the mutation Ϫ10C/11C alters nucleotides protected by TrpI from hydroxyl radical attack but has little effect on TrpI binding, these nucleotides need not be strong determinants of binding specificity. This is not surprising, since the putative site I recognition sequence (Fig. 1) is not present in site II, although the trpI-trpBA control regions of P. syringae (2) , P. aeruginosa (6) , and P. putida (8a), including site II, are highly conserved (2) . Conceivably, site II can tolerate considerable sequence variation without a strong effect on TrpI binding but is constrained in evolution because it specifies a particular conformation of bound TrpI or is required for TrpImediated DNA bending and thus is a strong determinant of the ability of TrpI to activate trpP B .
The mutation sub-1, an 8-bp substitution in site II, prevents activation of trpP B and abolishes the site II footprint normally made by TrpI (11) . However, in the presence of InGP, TrpI can form a complex with sub-1 DNA that resembles the corresponding complex (complex 2) formed upon binding of TrpI to site II on wild-type DNA. This phenotype suggests that a strong cooperative interaction between TrpI tetramers bound to sites I and II can occur even though the second TrpI tetramer is unable to establish intimate contacts with site II DNA.
Data in Fig. 7a reveal that when only site I is present, the complexes that migrate in gels with the same mobility as complex 2 differ from authentic complex 2 in several ways: (i) they form only in the presence of InGP; (ii) the calculated bending angle is only 76° (Table 1 and Fig. 7c) ; and (iii) the amount of complex formed is greatest when site I is located near the middle of the restriction fragment (Fig. 7a, lanes b through d) and is greatly reduced when site I is located within 11 bp of either end of the fragment (Fig. 7a, lanes a and f) . This symmetry is surprising because it implies that InGP can stimulate TrpI binding to DNA on either side of site I and suggests that bound protein must contact bent DNA nonspecifically in regions adjacent to (and on both sides of) site I to form a stable complex.
In contrast, the migration patterns for complex 1 formed on DNA containing only site I in both the presence and absence of InGP are indistinguishable from the patterns observed when the DNA contains both sites I and II. Furthermore, the amount of complex 1 detected apparently does not depend on the position of site I relative to the ends of the DNA fragment (Fig. 7a) .
InGP dependence. There is less than a twofold effect of InGP on the TrpI concentration required for 50% repression of trpP I in vitro (10). Chang and Crawford (4, 5) argued for a much stronger effect of InGP on TrpI binding to site I (in the absence of RNAP), but their data were difficult to interpret because 100% occupancy of site I was not observed in the absence of InGP. On the other hand, TrpI binding to site II is strongly stimulated by InGP (4, 5, 11) . Since neither sub-1 (11) nor complete substitution of plasmid DNA for site II (4) prevents InGP-dependent formation of a complex resembling complex 2 (see Fig. 7 ), InGP must stimulate cooperative binding independently of the ability of TrpI to establish close contact with site II. In addition, data presented here indicate that the bending angle of DNA in authentic complex 2 is the same whether the complex is formed in the presence of InGP (at low TrpI concentrations) or in the absence of InGP (at high [TrpI] ).
Model II is attractive because it offers a reasonable explanation of the role of site II and InGP in activation. Site II may be necessary to achieve the degree of bending (89 to 90°in-stead of 65 to 67°) required for the ␣-CTD to interact with an upstream sequence or TrpI. Thus, dependence on InGP for binding to site II would allow activation to be regulated in response to changing levels of cellular tryptophan (through regulation of upstream genes in the tryptophan biosynthetic pathway). Presumably, if the only important effect of InGP were to facilitate DNA bending, it might be possible to activate trpP B in the absence of InGP on a template in which an appropriate strong TrpI binding site was substituted for site II. However, preliminary studies of TrpI binding to DNA containing an inverted site I duplication indicate that formation of complex 2 still depends on InGP (24a).
Effect of ؊10C/11C on bending. The activation defect of the site II mutation Ϫ10C/11C (11) suggested that the wild-type nucleotide sequence of site II, which bears little resemblance to that of site I, might induce in the bound protein a conformation that is essential for subsequent interaction with RNAP to stimulate transcription at trpP B (step iv in model I, above). An effect of DNA sequence on the conformation of a bound protein was first suggested by Martin et al. (22) , based on a mutational analysis of transcriptional activation by bacterial AraC protein. The phenotype associated with Ϫ10C/11C may also be explained (in both models I and II) by an alternative hypothesis-that TrpI-induced DNA bending, which is required for activation, is somehow affected by the mutation. Direct assays of TrpI-mediated DNA bending revealed that the mutation reduces the bending angle of complex 2 by about 5°. This effect of Ϫ10C/11C on bending is too small (given our current level of understanding) to exclude either explanation of the associated phenotype.
Calculations of bending angle. Equation 1 (Materials and Methods) is based on the assumption that the rate of migration of a bent DNA molecule is correlated with the distance between the ends of the molecule. The calculated bending angle (␣) in each experiment reported here was obtained from 10 or 11 separate calculations based on relative migration rates of pairwise combinations of permuted fragments. Because of the sensitivity of ␣ to the relative migration rates, the values calculated from equation 1 were broadly distributed in each experiment (data not shown). However, it is intriguing that the sign and magnitude of the deviation from the mean for each pair of fragments were quite reproducible from experiment to experiment; furthermore, the mean values obtained in separate experiments are remarkably similar (see standard errors of the means in Table 1 ).
The broad distribution of values obtained from pairwise calculations of bending angles undoubtedly is an indication that the standard method of calculating bending angles is an oversimplification. However, when we modeled the data for complex 1 with two bends symmetrically disposed either 5 or 10 bp from the center of site I, neither the calculated bending angle nor the distribution of values from pairwise calculations changed by more than a few degrees (data not shown). For binding to two sites, there is also the possibility that bends introduced by two separate TrpI tetramers are not in the same plane. Therefore, the calculated bending angles are phenomenological reflections of changes in DNA topology rather than precise estimates of DNA bending.
